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Mitosis depends on the mitotic spindle, a subcellular
protein machine that uses dynamic microtubules and
mitotic motors to assemble itself and to coordinate chro-
mosome movements. Spindle function depends critically
on the interplay of microtubule polymer dynamics and
the motor proteins and non-motor microtubule-associ-
ated proteins (MAPs) that crosslink adjacentmicrotubules.
These microtubule crosslinkers can organize microtu-
bules into bundles with specific polarity patterns and
some of them can slide adjacent microtubules in relation
to one another. Here, we discuss the functions and mech-
anisms of action of three such crosslinkers: the motors
kinesin-5 and kinesin-14, and the non-motor MAPs of the
Ase1p family.
The major purpose of mitosis is to coordinate the accurate
distribution of genetic instructions, packaged into chromo-
somes, to the daughter products of each cell division. Chro-
mosome segregation depends upon the action of the mitotic
spindle, a subcellular protein machine that uses kinesin and
dynein motors together with microtubule dynamics to
assemble itself and then to move separated chromatids
polewards during anaphase A and to elongate the spindle
during anaphase B.
Microtubules are structurally polar polymers with distinct
‘plus’ and ‘minus’ ends that have different structures and
kinetic properties. For many years it has been thought that
spindle microtubules are organized into linear, parallel or
antiparallel bundles by protein crosslinkers that form bridges
visible by electron microscopy between the walls of adjacent
microtubules [1]. For example, centrosome-dominant astral
spindles are constructed from three sets of microtubules
emanating from the poles with their plus ends distal (Figure 1)
[2,3]. These three sets of microtubules comprise kinetochore
microtubules (kMTs), astral microtubules and interpolar
microtubules (ipMTs). The kMTs form parallel bundles, with
their plus ends facing the kinetochores and their minus
ends facing the poles, and their depolymerization contrib-
utes to chromosome-to-pole motion during anaphase A.
Astral microtubules radiate outwards allowing their plus
ends to interact with cortical force generators that exert pull-
ing forces on spindle poles. The ipMTs have their plus ends
overlapping at the central spindle, forming anti-parallel
arrays that can slide inward or outward to exert forces on
the spindle poles — during anaphase, ipMTs interdigitate
and form the central spindle midzone, which plays an essen-
tial role in spindle elongation and the initiation of cytokinesis
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of these three types of microtubule bundles [4–6]. In this
minireview, we focus on a subset of such microtubule cross-
linkers that have been shown to directly crosslink microtu-
bules without the aid of additional factors, namely motors
of the kinesin-5 and kinesin-14 families, and non-motor
MAPs of the Ase1p family. We discuss several recent in vitro
studies that illuminate their mitotic functions and mecha-
nisms of action.
Kinesin-5 and Kinesin-14 Motors in Mitosis
Basic biochemical and cell biological studies support the
view that members of the kinesin-5 and kinesin-14 motor
protein families act primarily as microtubule–microtubule
crosslinking and sliding motors. Kinesin-5 motors (Eg5 in
Xenopus laevis and human, KLP61F in Drosophila mela-
nogaster, bimC in Aspergillus nidulans) are thought to be
‘slow’ plus-end directed motors that move along microtu-
bules at rates of z0.1–0.01 mm/s, characteristic of mitotic
motility and about 10-fold slower than many intracellular
transport motors, such as kinesin-1. Importantly, these kine-
sins assemble into bipolar homotetrameric complexes orga-
nized with pairs of amino-terminal motor domains located
at opposite ends of a four-strand coiled-coil rod, that can
crosslink adjacent spindle microtubules, displaying a pref-
erence for the anti-parallel orientation, and slide them in
relation to one another [7,8]. Kinesin-14 motors (Ncd in
Drosophila, Klp2p in Schizosaccharomyces pombe, Kar3
in Saccharomyces cerevisiae) are slow, minus-end-directed
homodimers, consisting of two carboxy-terminal motor
domains linked by coiled-coil rods to nucleotide-insensitive
microtubule-binding tails, which are also capable of cross-
linking and sliding adjacent spindle microtubules [9,10].
The mitotic functions of both motors appear to be regulated
via the tail domains; the carboxy-terminal tail of kinesin-5s
from Xenopus and Drosophila contains the Cdk-phosphory-
latable ‘bimC-box’ and appears to control the motor’s micro-
tubule binding, orientation preference and spindle associa-
tion [7,8,11], whereas the amino-terminal tails of Xenopus
kinesin-14 bind importin a/b, which blocks the motor’s
microtubule–microtubule crosslinking activity and spindle
association in a Ran-sensitive fashion [12].
Understanding the mitotic functions of kinesin-5 and kine-
sin-14 is complicated, as they appear to function differently
in spindles of different design. These two motors are gener-
ally thought to function antagonistically to contribute to
various aspects of spindle structure and function (Figure 1)
[13,14]. For example, a plausible model posits that, in centro-
some-controlled spindles, kinesin-5 and kinesin-14 may
crosslink and slide anti-parallel ipMTs at the midzone
outward and inward, respectively, allowing kinesin-5 to drive
poleward flux and pole–pole separation and kinesin-14 to
shorten the spindle via pole–pole collapse [15]. However, in
anastral spindles, it is proposed that poleward flux and
spindle length control may depend on kinesin-5 serving to
transport microtubules along opposite polarity microtubule
tracks from the chromosomes to the poles, where they are
focused by minus-end motors [16]. Furthermore, in some
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Figure 1. The functions of key microtubule
crosslinking proteins in mitosis.
(A) During metaphase the mitotic spindle has
already assembled. The motor proteins kine-
sin-5 (green) and kinesin-14 (red) crosslink
anti-parallel microtubules (plus ends marked)
originating from opposite poles (grey circles)
and slide them apart in opposite directions:
kinesin-14 slides the microtubules inward
(large red arrows on top), kinesin-5 outward
(large green arrow on top), resulting in a force
balance that contributes to spindle assembly
and maintenance. In addition, kinesin-5 might
be involved in bundling parallel microtubules
close to the spindle poles. (B) After separa-
tion of the chromosomes (grey), microtubule
crosslinkers of the Ase1p family of MAPs
(blue) complement microtubule crosslinking
motors, such as kinesin-5 or kinesin-6, to
play key roles in organizing the central spindle
midzone, which is essential for anaphase B
spindle elongation and cytokinesis. The fig-
ures are simplified representations: bundles
consisting of more than two microtubules
will form, but are not shown for clarity.
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tubules poleward, thereby contributing to an increase in
spindle length [12]. In some cell types, however, microtu-
bule–microtubule sliding by kinesin-5 and kinesin-14
appears to contribute relatively little to the control of spindle
length [17], and in some cases these motors may use their
microtubule crosslinking activities to focus microtubules at
spindle poles (e.g. [18]), or to serve as brakes that restrain
the rate or extent of microtubule sliding driven by other
motors [19]. The complexity of kinesin-5 and kinesin-14 func-
tion is compounded by proposals that kinesin-5 and kinesin-
14 contribute to microtubule polymer dynamics under some
circumstances, but if and how this relates to their microtu-
bule crosslinking activity remains to be determined [20,21].
Clearly, further studies are required to illuminate the func-
tions and mechanisms of action of these key mitotic motors,
and it is likely that mechanistic studies of the purified motors
may illuminate this problem.
Biophysical Studies of Kinesin-5
Direct evidence of kinesin-5’s capability to crosslink micro-
tubules and slide them apart was provided by in vitro motility
assays of purified full-length Xenopus Eg5 [22,23] and
Drosophila KLP61F [8]. In these fluorescence microscopy-
based assays, one population of fluorescently tagged micro-
tubules was firmly attached to the cover glass and a second
population was subsequently added, together with motors
and ATP. Bundling of microtubules could be readily ob-
served: a portion of the microtubule bundles remained
static, while the remainder slid apart. Experiments withpolarity-marked microtubules showed
that the static population comprised
parallel bundles, while the sliding pop-
ulation comprised anti-parallel ones
[22] (Figure 2). The experiments
demonstrated that the motor domains
at opposite ends of the bipolar motors
move towards the plus ends of the
microtubules that they crosslink. In laterexperiments, the motility properties of individual kinesin-5
motors were addressed using optical tweezers and it was
observed that truncated, dimeric human constructs are only
moderately processive, taking, on average, eight steps
before dissociating from the microtubule [24]. Single-mole-
cule fluorescence studies using tetrameric GFP-tagged
Xenopus Eg5 revealed more complex motility behaviour,
consisting of episodes of directed, processive motion and
episodes of diffusion along the microtubule [25]. The relative
contribution of these two motility modes is sensitive to the
ionic strength [26] and can be altered by the addition of the
small-molecule Eg5 inhibitor monastrol [25]. Interestingly,
at physiological salt concentrations, tetrameric Eg5 diffused
along individual microtubules but then moved in a much
more directed fashion when it encountered the overlap
zone of crosslinked microtubules [26]. On the basis of this
observation, a model was proposed in which Eg5 moves
passively and diffusionally in the absence of ATP hydrolysis
when bound to individual microtubules, but switches to
active, vectorial, ATP-dependent motion when it crosslinks
two microtubules [26] (Figure 2). The molecular basis of
this activation mechanism remains to be uncovered. Finally,
it was shown that KLP61F motors display a three-fold prefer-
ence for anti-parallel versus parallel microtubule bundling
[8]. Surprisingly, tetrameric KLP61F subfragments lacking
the motor domains but containing the carboxy-terminal tails
are able to crosslink microtubules with the same orientation
preference as the full-length protein [8,14]. It is thus likely
that these microtubule-binding tail domains specify the
anti-parallel crosslinking preference. In addition, these
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Figure 2. Mechanisms of action of kinesin-5
(green), kinesin-14 (red), and Ase1p (blue) as
revealed by in vitro experiments.
(A) Kinesin-5 diffuses along individual micro-
tubules (dotted, pale green arrow); parallel
microtubules (left) are statically crosslinked,
while the motors move towards the microtu-
bule plus ends (green arrows) and do not
generate microtubule-sliding forces; anti-
parallel microtubules (right) are crosslinked
and slid apart (black arrow), while the motors
move directionally towards the plus ends of
both crosslinked microtubules (green arrows).
(B) Kinesin-14 diffuses randomly along indi-
vidual microtubules (dotted, pale red arrow),
while being bound with its amino-terminal
nucleotide-insensitive microtubule-binding
domains; parallel microtubules (left) are stati-
cally crosslinked; anti-parallel microtubules
(right) are crosslinked and slid apart (black
arrow), while the motors move directionally
towards the minus ends of both microtubules
(red arrows; note that the direction of relative
sliding is opposite to kinesin-5). (C) Ase1p
diffuses randomly along individual microtu-
bules (dotted pale blue arrows); diffusion is
substantially reduced between anti-parallel
microtubules (shorter arrow) and static
Ase1p multimers are formed.
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with microtubules, since no diffusion was observed for trun-
cated, dimeric constructs lacking them [26].
Biophysical Studies of Kinesin-14
Interaction of the non-motor microtubule-binding site at the
carboxyl terminus of Drosophila Ncd or S. pombe Klp2p with
a microtubule leads to 1D diffusion along the microtubule
polymer lattice [9,27,28]. Recent in vitro experiments, similar
to the ones discussed above for kinesin-5, have shown that
dimeric kinesin-14 constructs containing both its motor
domains and its amino-terminal tail domains can crosslink
microtubules [9,29], but, in contrast to kinesin-5, no clear
preference for the parallel or anti-parallel orientation was
observed [9]. Parallel microtubule pairs are statically locked
together by Ncd [9] or Klp2p [29], while anti-parallel microtu-
bule pairs are slid apart in the opposite direction to kinesin-5
(Figure 2). In vitro, over time, this results in the ‘sorting’ of
microtubules into bundles of parallel polarity, since anti-
parallel microtubules are driven out of the bundle leaving
behind parallel ones [29]. Although the effect of kinesin-14
action on microtubule bundles appears superficially to
resemble that of kinesin-5, the underlying mechanism is
quite different. Kinesin-5 interacts via its motor domains
with both of the microtubules that it crosslinks [22,26], while
kinesin-14 interacts with one microtubule via its motor
domains and with the other via its nucleotide-insensitive
microtubule-binding site in the tail. In addition, under physi-
ological conditions, kinesin-14 moves non-processively
[9,27,28,30,31], indicating that many of them must cooperate
to drive persistent sliding. As mentioned above, models have
been proposed in which a force balance between kinesin-5-
and kinesin-14-driven microtubule motility is required for
proper spindle formation. It would be very interesting to
see how these two motor proteins act together on a single
microtubule bundle. So far, this question has only been
addressed in surface-gliding assays using surface-attachedKLP61F and Ncd in different ratios [14]. In this study, it was
found that the microtubule gliding velocity remained unimo-
dal and changed gradually as a function of the molar ratio
of the two motors, eventually reversing direction. At the
‘balance point’ ratio where the average velocity was zero,
microtubules were observed to undertake submicron oscil-
lations that are probably too small to be detected by light
microscopy of mitotic spindle poles. It will now be interesting
to extend such experiments with purified motors to microtu-
bule bundles and to measure and apply forces to them using
optical tweezers.
MAPs of the Ase1p Family in Mitosis
The spindle midzone, formed during anaphase, consists of a
dense network of overlapping anti-parallel microtubules con-
taining a plethora of motor proteins, kinases and non-motor
MAPs [4]. In all eukaryotes, one of the key proteins is a
member of the Ase1p family of microtubule–microtubule
crosslinking MAPs (PRC1 in humans [32]; the products of
the genes fascetto (Feo) and sofe in Drosophila [33]; Ase1p
in S. cerevisiae [34] and S. pombe [35]; MAP65 in plants
[36]). Ase1p family members have been shown to localize
to the spindle midzone [32,35,37,38] and perturbation of their
function leads to failure of spindle midzone formation result-
ing in two disconnected half spindles [33,35,37,39]. Overex-
pression of these proteins in interphase results in excessive
microtubule bundling [39].
In vertebrate cells, PRC1 forms complexes with various
kinesins (KIF4, MKLP1, CENP-E, KIF14) and other proteins
like the microtubule plus-end binding protein CLASP1 [40–
43]. In particular, PRC1 and KIF4 depend on each other’s
activity for proper localization to the central spindle midzone
[41,43]. A model has emerged in which KIF4 moves PRC1 to
the plus ends of interdigitating microtubules [41,43]. In
Drosophila, something similar might be happening: the kine-
sin-4 KLP3A is required for central spindle organization and
cytokinesis [44], possibly in conjunction with Feo and Sofe.
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in the suppression of ipMT depolymerization at spindle
poles, which triggers anaphase B spindle elongation [45].
In yeast, which does not have a kinesin-4 homologue,
Ase1p localization most likely does not require motor protein
activity. Ase1p is essential for localization of Klp9p (kinesin-
6) to the midzone, a motor that is essential for spindle elon-
gation [46]. In humans, the microtubule-bundling activity of
PRC1 is regulated by Cdk (Cdc2/cyclin B) phosphorylation:
in early mitosis phosphorylated PRC1 is bound to spindle
microtubules but is unable to crosslink them, whereas in
anaphase the protein gets dephosphorylated and is then
able to bundle anti-parallel microtubules [47]. Similar phos-
phorylation mechanisms appear to also regulate Ase1p func-
tion in S. pombe [46] and S. cerevisiae [48].
Biophysical Studies of MAPs of the Ase1p Family
In vitro, the microtubule-bundling activity of several Ase1p
family members has been confirmed with optical and elec-
tron microscopy [36–39]. To date, detailed in vitro studies
have only been performed on Ase1p from S. pombe using
single-molecule fluorescence microscopy [49]. At low con-
centrations, dimeric Ase1p–GFP fusion proteins were
observed to bind to microtubules and to diffuse along them
(Figure 2), a result that was confirmed in vivo by the expres-
sion of Ase1p–GFP in mammalian cells. At higher concentra-
tions, Ase1p–GFP dimers were incorporated into multimers
that bound in a relatively immobile state to the microtubules.
Ase1p was observed to crosslink microtubules, with an
approximately 3:1 preference for anti-parallel versus parallel
bundling [38,49]. Within microtubule bundles, Ase1p diffu-
sion was substantially slower than on single microtubules
and multimerization occurred at much lower Ase1p concen-
trations (Figure 2). These results indicate that the specific
localization of Ase1p to regions of anti-parallel microtubule
overlap is driven by a mechanism involving diffusion of
Ase1p dimers along the microtubule lattice and incorpora-
tion of dimers into immobile multimers that form with high
preference between overlapping anti-parallel microtubules
[49]. These multimers could act as a stable scaffold in the
spindle midzone to which partner proteins can bind, in
accordance with the hypothesis that Ase1p may form a
central spindle ‘matrix’ [37]. It remains to be determined
whether other proteins of the Ase1p family, which differ
substantially in sequence outside the highly conserved
central microtubule-binding domain, show similar diffusion
and multimerization behaviour. In addition, it would be of
great interest to determine how the phosphorylation state
of the MAPs and their interactions with motor proteins (espe-
cially kinesin-4 motors) affect translocation along microtu-
bules and multimerization.
Concluding Remarks
Thus, recent cell biological and biophysical studies have
established the importance of the microtubule-crosslinking
activity of kinesin-5, kinesin-14 and Ase1p family MAPs
in vivo and in vitro, but there remain many questions about
their mechanisms of action, biological functions, regulation
and functional cooperation with each other and with other
microtubule crosslinkers, both in the spindle and elsewhere.
For example, what is the molecular mechanism by which
kinesin-5 and Ase1p preferentially crosslink microtubules
in the anti-parallel orientation? In the case of kinesin-5, this
preference appears to be mediated by the non-motormicrotubule-binding sites in the Cdk1-phosphorylatable
carboxy-terminal tails, which also control its microtubule-
binding properties and spindle targeting, raising the ques-
tion of whether this phosphorylation also controls the orien-
tation preference. Further understanding of the mechanism
of the orientation preference of both proteins will require
more information on their overall structures and especially
the torsional rigidity of the motors within their rod domains.
In vitro experiments have shown that kinesin-5, kinesin-14
and Ase1p proteins can diffuse along the microtubule poly-
mer lattice matrix, but what is the mechanism of this diffusive
motion, and how is this motility mode influenced by the
various structural and regulatory domains of these cross-
linkers? In the case of Ase1p it has been shown that diffusion
is relevant in vivo [49], but this remains to be tested for the
other proteins. It could be that this diffusive motion is impor-
tant to prevent the accumulation of crosslinkers at the micro-
tubule ends, or to act as a sort of ‘clutch’ that facilitates the
release of excess tension that could accumulate within the
crosslinked microtubule bundles.
How do these crosslinkers cooperate with each other and
with other spindle components to mediate accurate mitosis?
In vivo studies indicate that some Ase1p family members
require the assistance of the motor protein kinesin-4, not
just diffusive motility, for proper localization to the spindle
midzone, but further biochemical and biophysical experi-
ments will be required to resolve the mechanism of this func-
tional interaction. Furthermore, it is of great interest to
improve the understanding of the kinesin-5 versus kinesin-
14 force balance, which is proposed to contribute to the
assembly and maintenance of many spindles, but the
precise role and mechanism of which remain unclear. For
example, motility assays have provided some important
insights into how these proteins might work individually as
microtubule crosslinking and sliding motors, but what
happens when kinesin-5 and kinesin-14 act competitively
in opposing directions on the same microtubule pairs? In
addition, how does Ase1p activity modulate the action of
these crosslinking motors? Will it act as a brake or allow
the crosslinked microtubules to be slid apart unrestrained
by the motor-generated forces [38]? To address these ques-
tions, more advanced in vitro microtubule crosslinking
assays involving the measurement and application of forces
will be required.
Finally, it is likely that we are looking at the tip of the
iceberg and that many more motor proteins and non-motor
MAPs with microtubule crosslinking functions, possibly
acting by distinct mechanisms, will be found both in the
spindle and elsewhere. For example, the loss of function of
some motors leads to disorganization of microtubule
bundles, but how these proteins contribute to microtubule
bundling is unclear. Among such motors, some may act as
direct microtubule crosslinkers, like kinesin-5 and kinesin-
14, whereas others may act indirectly by targeting microtu-
bule crosslinkers to their site of action. For example, the
dynein–dynactin complex localizes NuMA to the spindle
poles where it crosslinks and focuses microtubule minus
ends, in a manner reminiscent of Ase1p targeting by kine-
sin-4. Indeed, the deployment of such crosslinkers may
vary in a system-specific manner, as exemplified by obser-
vations that anaphase B spindle elongation uses kinesin-5
in some spindles and a kinesin-6–Ase1p complex in others
[46]. Microtubule bundling by such crosslinkers is not
restricted to mitotic spindles, as these crosslinkers are also
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phase nuclear positioning in S. pombe [35] and in neurons,
microtubule crosslinkers, including motors like kinesin-5
and MAPs such as Tau and MAP-2, are thought to contribute
to the microtubule-polarity patterns of axons and dendrites
[50]. Genome-wide screens might be needed to uncover
the full spectrum of crosslinking proteins involved in these
processes, and further in vitro studies will be required to
determine their mechanism of action, whether they include
crosslinkers with a preference for parallel microtubules,
whether all crosslinkers display diffusive movement along
microtubules, and how they are regulated e.g. by phosphor-
ylation or interaction with binding partners. In the years to
come, an extensive combination of studies carried out
in vivo, in vitro and in silico should greatly expand our under-
standing of the mechanisms and functions of these fasci-
nating proteins.
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